A detailed spectroscopic analysis of the crystal-field splitting of the energy levels of Eu 3þ (4f 6 ) in single crystals of hexagonal phase aluminum nitride is reported based on assignments made to the high-resolution cathodoluminescence spectra observed between 500 nm and 750 nm obtained at 11 K and room temperature. Single crystals doped with trivalent europium were grown by high pressure, high temperature technology, and the crystal structure was confirmed by x ray diffraction methods to be the hexagonal phase. The Eu 3þ ions substitute for Al 3þ ions in sites of C 3v symmetry during crystal growth. More than 97% of the observed spectra are attributed to Eu 3þ in the majority site. The spectra are identified as transitions from the excited 5 D 0 and 5
) in single crystals of hexagonal phase aluminum nitride is reported based on assignments made to the high-resolution cathodoluminescence spectra observed between 500 nm and 750 nm obtained at 11 K and room temperature. Single crystals doped with trivalent europium were grown by high pressure, high temperature technology, and the crystal structure was confirmed by x ray diffraction methods to be the hexagonal phase. The Eu 3þ ions substitute for Al 3þ ions in sites of C 3v symmetry during crystal growth. More than 97% of the observed spectra are attributed to Eu 3þ in the majority site. The spectra are identified as transitions from the excited Trivalent rare earth ions (RE 3þ ) have been implanted into films of wide bandgap semiconductors, including hexagonal phase GaN and AlN, by methods that have become increasingly sophisticated and successful in producing material of high optical quality. [1] [2] [3] [4] [5] [6] Characteristic of these doped semiconductors is the range of narrow frequency RE 3þ emission lines observed within the bandgap, due to transitions within the 4f n electronic configuration, that are well shielded from the environment by the 6s and 6p electrons of the RE 3þ ion. [7] [8] [9] In hexagonal phase aluminum nitride (w-AlN), the bandgap is about 6.2 eV, providing a 50 000 cm À1 window that makes it possible to observe vacuum ultraviolet (vuv) emission spectra from higher energy RE 3þ electronic states in the 4f n and 4f nÀ1 d configurations that have not been studied extensively in other host materials due to the lattice absorption. [10] [11] [12] Modeling of the crystal field splitting of energy levels of RE 3þ in both AlN and GaN at energy below 30 000 cm À1 has been reported by several groups over the past decade. [13] [14] [15] [16] [17] Both nitride hosts are generally chemically inert and have robust physical properties and relatively high thermal conductivity, which make them desirable hosts for stimulated emission from the RE 3þ ions as dopants. Eu 3þ has been lased in GaN heteroepitaxially grown on a Si substrate. 18 The combination of optical, electrical, and physical properties has led to the development of these materials as components in light emitting diodes and high power photonic devices.
Efforts to grow hexagonal AlN as bulk single crystals and nanocrystals doped with RE 3þ have met with some success following similar growth methods that are used to prepare other semiconducting compounds that also have high melting temperatures. Single-crystal and poly-crystal c-BN annealed under high-pressure and high-temperature (HP-HT) conditions have been reported recently. 19, 20 Single crystals of w-AlN doped with RE 3þ have now become available for optical characterization. 21 As a result, we have carried out a detailed spectroscopic investigation of the crystal-field splitting of the energy levels of Eu 3þ (4f 6 ) doped into single crystals of aluminum nitride (w-AlN) grown by using high pressure, high temperature (HP-HT) crystal growing methods. [19] [20] [21] [22] In the present study, we report the fluorescence spectra between 500 nm and 750 nm at 11 K and room temperature (RT). The detailed spectra observed at both temperatures make it possible to assign temperature dependent (hot band) transitions to individual energy (Stark) levels. q , in C 3v symmetry are determined through use of a Monte Carlo method, whereby each parameter is given a random starting value, and the set is optimized by using standard least-squares fitting between calculated and experimental levels.
II. SAMPLE PREPARATION AND LUMINESCENCE MEASUREMENTS
Single crystals of hexagonal phase aluminum nitride (wAlN) doped with trivalent europium were grown by a temperature gradient method under high pressure. 21 The process requires the use of a belt-type high pressure, high temperature (HP-HT) apparatus described by the authors, who designed the system earlier to grow materials having similar physical crystalline properties. 19, 20 Lithium aluminum nitride (Li:AlN) was used as the solvent. The solvent was mixed with EuF 3 as a dopant under conditions of a dry nitrogen atmosphere and packed into a molybdenum sample chamber. Both steps were carried out uninterrupted in a dry nitrogen atmosphere. The assembled cell was compressed and heated to 1620 C for up to 67 h and allowed to cool slowly to RT to stabilize the hexagonal crystal phase.
The crystal structure was confirmed by x ray diffraction (XRD) methods with a Bruker AXS D8 Discover, which is equipped with a Cu K-alpha x ray source. Figure 1 shows a representative XRD pattern of the RE 3þ -doped AlN crystals. None of the XRD measurements indicate the formation of any other phase, including rare-earth rich phases within the AlN crystals. The hexagonal structure (Wurzite phase) of AlN was confirmed. 23, 24 The space group is C 4 6v -P6, with both Al and N occupying C 3v sites in the unit cell. Emission channeling experiments carried out earlier [25] [26] [27] identify the location of the Eu 3þ ion as substituting for Al 3þ in the cation sites in the lattice.
Crystals containing approximately 0.2 at.wt % Eu 3þ had a maximum size of less than 0.5 mm on a side parallel to the c-axis. The crystals were clear, having a pale yellow color. The largest crystals were oriented and mounted on a pedestal between cross polaroids so that RT polarized fluorescence could be observed when excited by a tunable dye laser. The polarized spectra were observed visually through a 1.0 m Ebert spectrograph and identified with the wavelengths of the most intense cathodoluminescence (CL) spectra.
The CL spectra were obtained from crystals mounted on the head of a closed-cycle helium refrigerator positioned within a vacuum chamber. An electronically controlled calibrated resistive heater was maintained at a selected sample temperature while CL spectra were obtained. We chose sample temperatures at 11 K and RT to determine the temperature dependent (hot bands) within the CL spectra.
As an excitation source, a SPECS EQ22 Auger electron gun was used that produced electrons having energies between 100 eV and 5 keV and beam currents between 0.01 lA and 150 lA. The CL spectra reported here was produced by electrons excited to 5 keV with a beam current of 5 lA/ mm 2 passed through a quartz window and a pair of UVcoated lenses before reaching the entrance slit of a 1.0 m Czerny-Turner spectrograph (Jobin-Yvon 1000M) equipped with a holographic grating, blazed at 300 nm with 1200 lines/mm, and calibrated using a Hg standard. A N 2 -cooled CCD camera recorded the CL spectra between 500 nm and 750 nm. Uncertainty in the wavelength measurements was approximately 0.02 nm. The methods used to record the CL spectra are similar to the methods we reported earlier. [13] [14] [15] [16] 
III. ANALYSIS OF THE SPECTRA
The CL survey spectrum of Eu 3þ (4f underneath the 11 K spectrum to identify the peaks that are reported and the transitions that are identified in Table I . The spectra are sharp, even at room temperature, which allows us to identify the hot bands representing transitions that help establish the splitting of F 6 are very weak and broad and partially overlap more intense groupings. We include the part of the experimental splitting observed for these two multiplets in Table II in comparison with the predicted splitting. The relative simplicity within the observed spectrum at both temperatures has resulted in the assignment of more than 97% of all the CL spectra as due to Eu 3þ in a single site. An algorithm can be developed to identify the allowed transitions between F J based on electric dipole (ED) and magnetic dipole (MD) transitions allowed in C 3v symmetry. Likewise, group theory establishes the distribution of irreps associated with each multiplet split by the crystal field. Both ED and MD selection rules for nonKramers RE 3þ in C 3v symmetry sites can be found elsewhere. 8, 9, 28 One of three possible irreps is associated with the wavefunction assigned to each Stark level in this symmetry: C 1 (1), C 2 (1), and C 3 (2), where C 1 and C 2 are both "singlets" and C 3 is a "doublet", denoting degeneracy of the Stark level. Each 2Sþ1 L J multiplet manifold contains a distribution of Stark components: 2C 2 , 4C 3 ) , and J ¼ 6 (3C 1 , 2C 2 , 4C 3 ). Since the Stark (12 and 13) are MD, with the doublet the higher energy of the two since C 1 ( 5 D 0 ) connects to both C 2 (sigma) and C 3 (pi) in the order that indicates C 2 is higher in energy. Figure 3 shows the 11 K CL spectrum with peaks 6, 12, and 13, as listed in Table I . The assignment can be confirmed by examining the peaks observed in Fig. 4 , representing transitions from 5 D 1 to 7 F 1 . In C 3v symmetry, ED transitions are forbidden between C 1 $ C 2 . Transitions are allowed from C 2 ! C 2 , C 3 and from C 3 ! C 2 , C 3 . MD transitions preclude transitions between C 1 $ C 1 and between C 2 $ C 2 , but C 3 connects with all three irreps. The CL spectrum appearing in Fig. 4 is consistent with MD transitions between the two J ¼ 1 manifolds. Peaks 2 and 3 are separated by the splitting of 5 D 1 (see Table I ). MD transitions from both Stark components (C 2 and C 3 ) in 5 D 1 can connect with a C 3 in 7 F 1 , which has the higher energy of the two Stark components. Thus, from the splitting and ordering of the irreps for J ¼ 1, we have established the irreps for the emitting levels in this study and, at the same time, an initial value and sign for the first crystal-field parameter (CFP), B Table I . These transitions are the strongest peaks that are observed in the spectrum (see Fig. 2 ). This spectral range also includes several unresolved shoulders clustered around these peaks that may be associated with Eu 3þ in another site of similar symmetry. In C 3v symmetry, J ¼ 2 has three Stark components (C 1 þ 2C 3 ) . ED selection rules allow transitions from C 1 to C 1 and to T 3 ; MD transitions are allowed from C 1 to the two C 3 Stark components. Thus, we conclude that the three peaks identified represent ED transitions from Table I between 562 nm and 572 nm. Enlarging the survey spectrum over this wavelength range reveals two moderately strong peaks with structure labeled in Table I to three of these levels (C 1 and 2C 3 ). If MD transitions were allowed instead, four transitions would be expected (2C 2 and 2C 3 ), since C 1 to C 1 transitions are forbidden. A pronounced group of 3 emission peaks is observed in Fig. 5 between 660 nm and 670 nm and suggests that ED transitions are involved, as expected. An enlargement of the wavelength range involving these three peaks is shown in Fig. 5 , numbered as 28, 29 , and 30 at wavelengths 664.03 nm, 665.74 nm, and 667.33 nm, respectively. Two relatively weak and broad peaks are also observed at 660.26 nm and 662.91 nm. These peaks may be due to minority sites or an overlap of some of the transitions from F 4 manifold consists of six Stark levels (2C 1 þ C 2 þ 3C 3 ) in C 3v symmetry. Transitions to these levels from 5 D 0 are found between 690 nm and 730 nm. We expect that ED selection rules are involved, as confirmed by an analysis of the polarized spectrum. ED selection rules limit the number of allowed transitions to five of the six Stark levels, since C 1 to C 2 is forbidden. Figure 6 shows part of the spectrum observed between 712 nm and 726 nm that include peaks 31 and 32. These peaks are also observed in the survey spectrum (Fig. 2) along with several other very weak peaks. To verify assignments given to the weak peaks, we analyzed the spectrum of , we estimated a range of 665 nm to 685 nm and 720 nm to 740 nm, respectively. As mentioned earlier, some of these spectra appear to overlap with the more intense spectra analyzed. If they do, since we have already accounted for over 97% of the spectra in Fig. 2 Table II are given in parentheses.
IV. MODELING THE CRYSTAL-FIELD SPLITTING
Experimental Stark levels reported in Table I 
where k ¼ 2, 4, and 6; i ¼ 2, 3, 4, 6, 7, and 8; and j ¼ 0, 2, and 4, as well as non-spherically-symmetric contributions from the one-electron crystal field,
where k ¼ 2, 4, and 6 and q is constrained to 0, 6 3, and 6 6 by C 3v symmetry. 31 For RE 3þ ions in C 3v symmetry, there are six independent crystal field parameters: B F 0-4 , a Monte-Carlo method was used in which the six parameters were given random starting values and optimized by stand least-squares fitting methods. The final standard deviation between the calculated and experimental levels in which the irreps were predicted in agreement with those established experimentally was 6.7 cm À1 rms. The calculation appears to have a robust solution in which the energy of the doubly-degenerate Stark levels are fixed, but does not distinguish between the symmetry of the two singlets. The two singlet symmetry labels can be identified from the wavefunctions generated by the modeling calculation. With the ordering of the doublets in the fitting process, the second-best solution is 31.9 cm
À1
, much higher than the 6.7 cm À1 presented here. The set of crystal-field parameters associated with the 6.7 cm À1 rms calculation is B Table III) . A second approach to the modeling of the crystal field was done by deriving an initial set of B k q from a point-charge lattice-sum calculation reported earlier in the analysis of the CL spectra of Tm 3þ in w-AlN 25 and more recently adopted to interpret the spectra of Yb 3þ in w-AlN. 17 For Eu 3þ , the parameters from a lattice sum calculation are: B 
V. CONCLUSION/SUMMARY
In summary, we report results from a crystal-field modeling study based on spectroscopic analyses of the CL spectrum of Eu 3þ in hexagonal phase AlN. The spectrum was obtained at 11 K and RT from single crystals of Eu 3þ ions doped into w-AlN during the crystal growth process. The structure of the doped crystals was confirmed as the hexagonal phase of AlN. ) was modeled using a parameterized Hamiltonian. The best leastsquares fitting obtained between the calculated and experimental energies and irreps for the Stark levels of these multiplets gave an rms of 6.7 cm
À1
. The calculated splitting of the 7 F 5 and 7 F 6 multiplets was compared with the partially identified experimental crystal-field splitting of these manifolds. The optical characterization of Eu 3þ in single-crystal AlN suggests that the local environment of Eu 3þ is less strained when doped into the crystal during its growth than when Eu 3þ is implanted into films, where both the majority site and the numerous minority sites appear to have symmetries lower than C 3v. As a photonic component, it appears the crystal form would be more useful, although, at present, more difficult and expensive to obtain.
